We report on systematic measurements of the dephasing of the free excitonic transition in individual ZnO nanowires with a diameter of about 70 nm. The temperature-dependent intensity of the free exciton ͑FX͒ emission is well reproduced by a thermally activated behavior having two constant activation energies of 5.98 and 30.63 meV. The FX linewidth broadening with temperature reveals the dephasing of FX scattered by acoustic phonons rather than longitudinal optical phonons. These findings indicate that the dephasing mechanism scattering from acoustic phonons in individual ZnO nanowires result from the compensation of acoustic phonons to the nonconservation of crystal momentum. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2793178͔
and are very important for many applications such as single photon source, 4 quantum computing, 5 and high frequency acoustic emitter. 6 Usually, carriers localized in nanocrystals efficiently interact with lattice vibrations via acoustic and optical phonons. Therefore, the exciton ͑electron͒-lattice interaction in nanocrystals plays a decisive role for understanding the recombination kinetics and dephasing mechanisms after optical excitation. Recently, the role of system dimensionality in the thermalization process of photoexcitations has been a topic of intense research efforts for many semiconductor systems. 7 The relaxation dynamics of photoexcited carriers in a low dimensional semiconductor system is expected to be different from that of higher dimensional systems due to the carrier confinement. It is, therefore, of much current interest to determine exciton scattering processes in quantum dots, 8 quantum wells, 9 and superlattice. 10 In this letter, we report on the free exciton ͑FX͒ emission and dephasing by scattering acoustic phonons in individual and vertical ZnO nanowires.
ZnO nanowires were grown on Si ͑100͒ substrates by a low pressure vapor phase transport process. Si ͑100͒ substrate was placed in the downstream of Zn grains. After the system was pumped down to 1 Torr, argon gas was introduced at a constant flow rate of 200 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒. Then, the furnace was heated up to 700°C at 30°C / min ramping rate, and oxygen gas with 30 SCCM flow rate was introduced into the furnace at this temperature. After the system was raised to 750°C, and maintained for 10 min, the temperature decreased to 650°C at 10°C / min and maintained at 650°C for 10 min. The temperature was then raised to 800°C for 20 min and maintained at this temperature for 20 min. Finally, the system cooled down to room temperature naturally. The morphology and crystallinity of samples were observed and examined by a field-emission scanning electron microscopy ͑FE-SEM͒ ͑JEOL JSM-7000F͒ and x-ray diffraction ͑XRD͒, respectively. Photoluminescence ͑PL͒ measurements were performed in a temperature range of 10-300 K using a cw He-Cd laser ͑325 nm͒ as the excitation source. Figure 1͑a͒ shows a typical FE-SEM image of ZnO nanowires. It can be seen that ZnO nanowires are individually positioned and appear nearly vertical with ϳ70 nm in diameter and ϳ1 m in length. XRD pattern of ZnO nanowires is shown in Fig. 1͑b͒ . All the peaks can be clearly indexed to the hexagonal ZnO. No peaks due to Zn or other impurities can be observed. The relative intensity of ͑002͒ peak is much stronger than other peaks, which suggests that ZnO nanowires are oriented along the c-axis direction, which a͒ Also at Department of Physics, Henan University, Kaifeng, China. is in agreement with the FE-SEM observations. Figure 2͑a͒ shows the PL spectrum of ZnO nanowires measured at 10 K, in which strong near-band-edge ͑NBE͒ emission including several peaks are observed, and deeplevel visible emissions relating to structural defects are almost negligible. This suggests that a low defect density is associated with the as-grown nanowires. The inset of Fig.  2͑a͒ shows a magnified scale of NBE emission over a selective spectral region. A peak at 3.359 eV and at 10 K is a dominant transition, corresponding to neutral-donor bound exciton ͑D 0 X͒. 11 The five distinct lines at lower energy shoulder ͑3.315, 3.244, 3.173, 3.102, and 3.031 eV͒ were observed clearly. By carefully examining the spacing of peak energies, the peak at 3.315 eV is associated with a donoracceptor pair ͑DAP͒ transition. 12 According to longitudinal optical ͑LO͒ phonon energy of ZnO ͑ϳ71 meV͒ ͑Ref. 13͒ and the energy spacing between the peaks at 3.315 eV, the peaks located on its lower energy side can be assigned as the 1-LO, 2-LO, 3-LO, and 4-LO phonon replicas of the DAP transition rather than replicas of bound exciton and FX. Usually, LO-phonon replicas are associated to the exciton emission. The absence of LO phonon replicas of FX suggests that the FX coupled to LO is weak for the as-grown ZnO nanowires. For clearly identified peaks located at higher energy shoulder of D 0 X, a shoulder on the high-energy side of D 0 X is shown in Fig. 2͑b͒ . The peak at 3.375 eV is unambiguously assigned to the FX transition. The clear observation of the FX peak at 10 K further indicates that ZnO nanowires are of high optical quality. The peaks at 3.361, 3.363, and 3.365 eV are attributed to bound excitons located at different unintentional impurities. 14 The mechanism responsible for the temperature quenching of the luminescence is important for the determination of the perfection and quality of the structures. Figure 3͑a͒ is a plot containing a series of PL spectra from 10 to 300 K. When the temperature increase, the intensities of all peaks decrease, and is accompanied by a redshift. The redshift is due to the decrease of the ZnO band-gap energy with an increase in the temperature. On the other hand, the intensity of bound exciton peak decreases gradually, and disappears at temperatures above 150 K, while FX emission also increases accordingly, which indicates that bound excitons decompose to FX due to an increase in thermal energy. The temperature dependence of the FX emission intensity as an inverse function of temperature is shown in Fig. 3͑b͒ . It can be seen that the FX emission intensity decreases in response to an increase in temperature. Notice that as the temperature drops below 70 K, the intensity of FX emission decreases slowly with an increase in temperature, while above 70 K the FX emission intensity then decreases dramatically, a clear indication showing that a nonradiative recombination is a dominant process if the temperature is above 70 K. The behavior characterized by two temperature regimes obeys Arrhenius relationship, which can be expressed by the following equation: 
where I 0 is the emission intensity at 0 K, A 1 and A 2 are constants, k B is Boltzmann's constant, E 1 and E 2 are the activation energies, and T is the thermodynamic temperature. The best fit ͑solid line in Fig. 3͒ gives the values of A 1 and A 2 as 1.21 and 19.90, E 1 and E 2 as 5.98 and 30.63 meV, respectively. The E 1 of 5.98 meV corresponds to the thermal energy of 70 K. This suggests that as T Ͼ 70 K, a nonradiative recombination process with E 1 occurs. As a rule, the larger activation energy E 2 is related to the high temperature emission intensity. 16 A similar behavior of two activation energies below and above 70 K was reported by Fonoberov et al. for ZnO quantum dots. 17 Generally, the temperature dependence of the PL linewidth reveals different scattering mechanisms. In particular, the excitonic dephasing could reveal various electronphonon coupling mechanisms, such as the deformation potential interaction of confined exciton with acoustic phonons in quantum dots. 18 For the as-grown ZnO nanowires, the temperature dependence of the full width at half maximum ͑FWHM͒ for the FX emission line is shown in Fig. 4 , and can be expressed by the following equation:
where ⌫ 0 is the intrinsic linewidth at T =0 K, ⌫ ac is the contribution due to the scattering with acoustic phonons, ⌫ LO is the FX-LO phonon coupling constant, ប LO is the LO phonon energy, ⌫ ex is an impurity related factor, and E a is the activation energy averaged over all impurities. This model to calculate the acoustic phonon scattering of excitons has been widely applied to analyze the excitonic dynamics in nanostructured semiconductors. 20, 21 The best fit ͑solid line in Fig.  4͒ yields ⌫ 0 = 5.0 meV, ⌫ ac = 0.074 meV/ K, ⌫ LO is close to zero, ⌫ ex = 256.4, and E a = 31.4 meV. Here, the E a obtained is in good agreement with the fitted result from the integrated intensity of FX emission versus inverse temperature. Since ⌫ LO is close to zero, the exciton-acoustical phonon interaction is clearly weak. It further supports that no LO coupled with FX at low temperatures. From Fig. 4 , it can be seen that there are two regions. One is below 70 K region, in which dephasing is due to the acoustic phonon scattering. For another region above 70 K, the broadening should be attributed to impurities and defects scattering. For nanowires, the confinement in the both x and y directions induces the breakdown of crystal momentum conservation along a direction which is perpendicular to the growth direction ͑z͒. This crystal momentum is not conserved due to the confinement in the side surfaces, and must be compensated by acoustic phonons. Therefore, the dephasing is attributed to the scattering from side surfaces and folded acoustic phonons. These results offer physical information on the interaction between FX and their environment via the dephasing.
In conclusion, we have measured temperature dependent PL spectra of individual and vertical ZnO nanowires with about 70 nm in diameter. The temperature dependence of the FX emission intensity showed a two-step thermal quenching process with two activation energies of 5.98 and 30.63 meV in FX emission process. The temperature dependence of the FX emission linewidth demonstrates that FX dephasing originates from acoustic phonon scattering processes. The dephasing mechanism of the FX in individual ZnO nanowires is the acoustic phonons compensation for the nonconservation of crystal momentum due to the confinement in the side surfaces of nanowires. These results give physical information on the interaction between FX and their environment via the dephasing. These findings elucidate the optical physics of one-dimensional individual ZnO nanowires. 
